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Equations of State 



Equations of state yVUdbh- yVGfQg - GEagraMw 1-2 

9% (MM* §£fiv tDEaif 5&va^ Z kM^? ^^LOae^o^.C^rt j 

/(W,m) = 0 ^ (l-2)_ 

thSM^ioD^ l00[^c^M)^^^]g^0^$k^§a.-2 dfca 

:<S6§p^ 1-2 dS|a(^v (JS^a^J 

/(P,v,T) = 0 (2-2) 

E 4dKht£ g^ff dKj afl^Ja5(MI^ B>^aa^ffl:CB|^Z 
g ati| 5^a^(£a (IS) >S^a e^a ?e . (fig g% (&a dSj M{ 

&a(iSii/BP<? 6 lo^xB^^ (3&6pb Mp?eko pvt d^^W^g<J5&a 



Equation of state for an ideal gas DfSB/wSSUaM^ 2-2 



Z j ^Sa^oUQfa&J $/§ >^ OX)Y<a(fflA$[ ap(i-2) By^DflSOO <a(?n 
^ay^SCe ^a^a^\T 3 > t 2 > T x (Spr^j gMKQv |,D£ 

Umooth 

:j3MJj^(S/£r b^a7&P^(ideal gas constant) 
Mm — = R = 8.3143 kJ kilomole -1 K" 1 , 3 _ 2 \ 

:/BptpGtia^ >^j#lM 

Pv=RT (4-2) 
PV = nRT (5-2) 

$ p v / t tS^nl( l -2) (X) SZ UdpJt B&ai^a^Sli^ai^frEk 



2- 3®0CWa 




Pressure (N m 



Ti gs|j g A^'qT§ ^SfeCoLD® 3 = /(Pv/T) :i-2 GO <a 



IB 4 j^/£6fip& B^at^i loDlaMp 1-2 O)®v€(pa(0 



■Ti = 340 K g$Q (E^ P = 3 x 10 7 N, 



m 



JBte^BcP = 3 xlO 7 N.rrf 2 UEfctt<l^aPv/ T 4|Jj£l/fel-2 CD <a<±UU 

4.5xl0' 3 J kilomole" 1 K" 1 



Pv 



(P = 3x10 7 ) = 4.5 kJ kilomole -1 K" 1 



4.5x10 3 x340 



v = 



3x10' 
V 

n = — = 



= 51x10~ 3 m 3 kilomole 



-1 



0.5 



v 51x10" 3 



= 9.8 kilomole 



PV 



3x10 7 x0.5 



n ' G ~ RT 8.3143x10 3 x340 



= 5.3 kilomole 



:j3JBU 
(a 

^$3 



3- 



MS&P-v-T QLte 3-2 

z0»S?^prkZ p-v-t ^®(&a(iSlvZ C^Sg *^pcS^Tl4^fflkifi 
p-v-t QJI " OESat|Etj5^a% Z .<X&d$<^]Wti} §0%r $ v $p £?k 
.B^fpp^P T ?^p v ?^grp^ $&rbek^Q£§®L&k m^tix ^kM 




.B>Si^P-v-Tajl:2-2G0(a 



P-v T^Pt^S ft&afiSp-v -T GLfeOSrib 1-3-2 




„ constant 

P = 6-2) 

V 

<±^L(Robert Boyle) 0^3§ApJ ^ .2-2 (X) <PT(ft (equilateral hyperbola) 

4- oMC£M 



Gpyig <MKOtiS@| a^dn^|(^HDlaZ UdRsia^ fib>| j£(;i660) ?T@a 



p-t T^j^S BOeafip-v-T GJ£ Dsn, 2-3-2 

P = constantxT = ^T = ^T 
V = constant x T = T 



P-T T^P^bYJ 5®afi5p-> -T GLfe UCErw 3-3-2 



P ks^Jlj 















. .. 















P ]o^}\] 




?3fta?^ p-v-t Q£cOlri;4-2 GO (a P^fta?^ p-v-t Q£cOlrt3-2 CO <a 

PT P v 

.j ifca 



5- D^EB 



jjiiia jUtl dllajl jIIjUo 



4-2 



The Van der Waals equation E^jfij^Si*. 1-4-2 

(Mmi >#Y^ (empirical) Sb^Q^Ok- 
. kinetic theory ^^M^^^Of^^0$^)% - 

Qfe gf 3^0h$mm&k zj ^S5^>a 




(7-2) 

Rhlb^a (||j|5yipi-2 <^a^^^ 

V 

■g 



b (m 3 kilomole" 1 ) 


a (J m 3 kilomole" 2 ) 


0 


0.0234 


3.44 x 10 3 


He 




0.0266 


24.8 


H 2 




0.0318 


138 


o 2 


RDipf a 


0.0429 


366 


C0 2 




0.0319 


580 


H 2 0 


dip 


0.0055 


292 


Hg 





b §a ES0\ 4;Yd8»fei-2 o^fea 



6- D^EOCMa 



jjjLijia, jUJ jllajl -JIIjUo 



tBt^CEiGGTWl MeMaEOMOb^E Stfk\ 2-4-2 

>9g a/v 2 /EaW/V molecular physics g JfeaoS^Z^ <^t^fflPJ&$&d> 
3TMi/^¥b K^0^akrfentermolecular forces) alSg M)^^hO 

.Pv = rt :5&a1^a^feS^^L 

EdVftj4afl&P-v-T dh 3-4-2 

P^&apij Q£SaLU(ln2-5-2 CO ^ E <|ftj ^affi p-v-t £§ 1-5-2 (S3 odfe 
Ao ( v 3 §v 2 0 BlJlAfev (S/61 <|&ij 4<SKh£|i 3fipcpg>y^kt\SSp-v 

Pv 3 -(Pb + RT)v 2 + av-ab = 0 (8-2) 

J life ^^g(lSSsr^;^T $ p uft a z (JWk(lSpSL^BO 

ctyclte/f <J8| ep)$'9/ : Ep2-5-2 ($5 Sz^ SaM^^agAli^ - 

7- oMsM 



jjjLijia, jUJ jllajl -JIIjUo 



(critical point <Jp3a±jD) cbcg aB /£a£$- c.p (ECS 




Isotherms of a van der Waals gas 




ffij >|afe-v-T a§ 0firv2-5-2 (S3 a ffij £aifr-v-T a§ :i-5-2 OS a 



p-v ?3BaV$E<| 



(^^(SEaC^^^pE) 4-4-2 

:<JggG©ia5§ aferii c£ Kl®l^^a^^ da, 

6 C 

Pv = A+ — + — + ... (9-2) 

V V 

."virial coefficients ''P^^aX^P^/fepD^'... Lt^B li §)§ 

8- D^iOCtfi 



... lit I* (gfogYrtpj^RT 6%EAa(T) 0^^^kiali®5^^.(SS(a 



.binomial theorem 



Pv = RT 



1 



bV 1 _a 

V 



(10-2) 



-1 



b b 2 



= 1 + -+ -=- + 



(11-2) 



nT RTb-a RTb 2 

P v = RT + + = — + 



(12-2) 



A(T) = RT , B(T) = RT b - a , C(T) = R T b 2 (13-2) 



9- ZM£M 



QS&M*fcY>P. -T Cfc^fe 5-2 
9^UJ 1-5-2 

gSHB^ lM§ 0|£§ (MS $Q0jZ gi^a/Bp 

(&aZ Ao) lol^^C^ryip^ gi&flQ :#^(S)i(&a^J-(SDi^u - 
Bl&D^^fiO j$A(amorphous) LT^K^id^ 3 ^crystals (2^ 

.&amZjip^p 

.A"P vT 

cH£}<£%P-v-T GUE6Siio£ta 2-5-2 

/a|fe£)^g4p-v-T doM^SmW^^ \1-e-2 51-6-2 jta&Sin 

.(h 2 o tft#3&/siS^^ 



10- D^OCWa 



.(0^l^)^l4MQEB:/|^ 
-6&IM-/E& :/|$^j3^Z<i^Zg^ - 




/Spifiy^P-v-T Q£ :2-6-2 QO i OK^p-v-t QJI :i-6-2 00 i 
(h 2 o (co 2 Cfe/eite 

. j it ag f >| dctf^ ^JM & ffl| I^Nf acbfih ffi ^ B^&Sj Z A6 

.(3^^^32-6-2 $1-6-2 d&B sZCE^^a^ 

i&^C|E(p(SLZ/Bi^ ruled surfaces ^^p&tB^^gj^k 

11 - 3Scbi 



p-t 1^^Ctt^g|p-v-T GLfeuSrV: 3-5-2 

A£c|Y<$p-t ?^ftap^ 2-6-2 §1-6-2 kt)Mlin4-6-2 ^3-6-2 jYC)S^\ 

Z -rij aB^ ktg5lMt,6& cH^B$ a%/E& cH^Gil /ft^kyiar £ aCBl- 




2-6-2 CD EGffi3Mln;4-6-2 GO <i 1-6-2 GO sZQ£SjCEa;3-6-2 GO <i 

pt ?3fta?^ pt ?3fta?^ 

O^Y®a1Sa(% Z ktgB^ ?^ aBlM- /E& cfi^CSl /Kjfcyiif & aGOl- 

(jfrS (Q3i ?tftk gfgj$ Gfipc^ p§ p-t ?^fta ?^ ti^S U[a Oftrtj $A 
KQ^iG^ point 

.273.16 KdBS^ 



12- 3®GCW3i 



Torr U6R(3l 


T(K) (£rMfii$|j <e£[ 




38.3 


2.186 


He (4) 




52.8 


13.84 


H 2 


kC^Sa 


128 


18.63 


D 2 




324 


24.57 


Ne 




1.14 


54.36 


o 2 


kDiof a 


45.57 


195.40 


NH 3 




3880 


216.55 


C0 2 




1.256 


197.68 


S0 2 




4.58 


273.15 


H 2 0 


dip 






J2-2 o^Ea 



P-v T^P^dH^g^P-v-T GUfeuSrw 4-5-2 

?^aV$2-6-2 §1-6-2 kX)Miln6-6-2 §5-6-2 J TO S^iffi #cb^ 

. 68 MAjbL p-t ?^ftaV$ Officii Z AgY^ p-v 




2-6-2 CD (^Q£cL)(lrk;6-6-2 00 <a 1-6-2 CD <^OE<zOIri;5-6-2 CD <a 
Pv P^fta?^ Pv ?3fta?^ 



13- 



(gpO|gjfflkgpgr^p 5-5-2 

loD^ $A ^a(Bi E ApU&©E AjKOAqp <±0,<m>^ j ^pTj $1 AT- dfi^u 

?^al^z(^a^a/<^^ 

L-V L H^P^vapor pressure curve 0&lLe L m>G^M0$3&^<0£.a 
ap3fc i|| L IHpETv^O q $Aaik6& aEajftr^Lei^ 3-6-2 (X) <§Z 

42.960 Torr OSlD. 0012 Torr B^tl^O °C ^CE^'>§1.2 mTorr 

14- 3^cbi 



. E ojpA- aZ q /Btififi Sg iag^ 



Critical point WZEOUm 6-5-2 



(Si^a(lBS?frEk.iEZ6| r ^ /| /EO^ ^Sizqj EUdOScBB .6fi§e$ CDz, 

. (p c , v c , t c ) i±^|LV&-v-T a§ fifiiSpEMSBib m.p c jfta 



CRtfpndoB- aA(p£k 7-5-2 



15- 3®GCWsi 



















v c (m 3 kilomole" 1 ) 


P c (N.m" 2 ) 


T C (K) 






0.0726 


1.15 


3.34 


He(3) 


3^STa 


0.0578 


1.16xl0 5 


5.25 


He(4) 


4$tTa 


0.091 


33.6 


126.2 


N 2 




0.078 


50.2 


154.8 


o 2 


fctilpf a 


0.094 


73.0 


304.2 


C0 2 




0.056 


209.0 


647.4 


H 2 0 


dp 



■3%aR \GtiM&^j$$U3-2 o^fea 



6^at*feaCm§ p = 0.8 bar j^Ce /g kD^tyfell^j <Mj3J§§3$S 

.-197.9 o ce^^ada7% OS miScC^S 

16- 3^Cbi 



MGk C^tfafeZ«aMk 8-5-2 

.^aEAp^b (Q^o^^ JjfeK^U^ KO#£a(M/^a£i(a (Kg 

(StfJJ6 5^ Z .j (X) S^c&m^aU^S3^(i 

^b^^a^'j$kP! = l a tm/feEol|a*az6^/e3i^uB^^a 
(^'(±l»H^|aCmSZ ^^JiRt6BU3K(iCe LH^.T b = 373 K 

j M(M ^do^um<k\ j3jbue dig 




./0(^©^4p-v-t OJlZ(3^fici3 : 1-7-2 (X) <a 
BI4^Cm>l.p 1 )^a?^d 4&L^t(ll^a/|^aMMia6 



17- 3®G0A3i 



Sublimatin 



tht(a 9-5-2 



m0$ dti$U& 

j ^UEL%u charHgL,® M:(SGM. /%<^ZtiJ0M<r$ . (ESS 
Zti£@(M3 gMndfi/V- .&£@g0? (E$?t&0g <M/% Gratify Z 



.P 3 =5.2 bar $T 3 =-56.6 °C 



V*-» mm ^— \\ 




o 2 ?ya?pZa0J 



1% Normal Temperature & Pressure AazCXflaH^ NTP (g^^a^S(|k 

.p = i atm §t = 20 °c (JB&j^ab ^ic^QAEa 



18- 



Expansivity and Compressibility UpCTOmUHpOl 6-2 



p-v-t (^6jhAKMa:(B®t 1-6-2 



(ly Oh ^a(E^ !oDlalMic6^r3 bL pvt 




Qio^iEOcP-v-T Gffi :2-7-2 00 3 

.V 2 > V! j3>A}i%T 2 > to 2^1 
.v 3 > v 2 j3>A#fe(P 3 > p 2 ) 3 $2 j$El 

19- 3^Cbi 



T $P Hfecbg^ p-t 7?$r^aE&MMkE&/ ($feT $P cfepS/feuiv 

dS v m£n a^LPAi^pte! k ^?^©^&x) Sz gobs 

.Pi Bi^#a Hltf^al^ 




.Pi K*Rfe |a?#3iP-v-T (ffi 3*8-2 Gil ® 
/S^(v 2 , Pi , t 2 ) ^(V! , Pi , to bL2 51 cjplg^lU 



f— 1 



f— 1 
v3 Ty p 



nR 



= constant :j3?P V = n R T 



20- 3®GCWsi 



AV P 

lim i^r 

AT P ->0 AT p 



'av^ 



V 9T, 



(14-2) 



lim 

AT ->0 



'av^ 
aT 



AT P = AVp 



(15-2) 

:j3? lim AT P ^ Mm AV P jt|kdTp$dVp 



AT ->0 AT ->0 

P P 



(dv) p = 



'av^ 



V 3T, 



dT c 



(16-2) 



2-6-2 



p = 



1 






1 


rdv^ 


V 


vdT; 


p 


V 


vdTj 



(17-2) 



p = 



d(RT/P) 



dT 



PV T 



(18-2) 



■?% 17-2 (|Thfe(Sp 30pcpr a$hhB^9KM)£?^U§>6i^ jBlftyoi 



21 - 



p = 



dV/V 
dT 



(19-2) 



BJCE 



at = t 2 - t x j^yt'^iPpgwE^pja aSMftd^SBZ /E^g§ 



'v 2 -Vi/V 

T2-T, 



1 AV C 



V! AT P 



(20-2) 



.V ?^^p©|2 $1 



0-1200 = 1 atm^p£a(E)i3Tayk]4^^ 




400 600 800 

Temperature (K) 



1000 1200 



0-1200 K ?/fe£P = 1 atm /%akfflM&9-2 O) © 



t = ooc/iCm(a3Te^l<fc^o-2d3(a^ 



22- 




_J I I I I I 1_ 

1000 2000 3000 4000 5000 6000 7000 

Pressure (atm) 



T = o °cf% I^E9(irp3cio-2 GO <a 
.7000 atm ?(g U&eKgp^U^ p j$C8 Sp^Mf 65} afi^JBgr 



(ro^t^o^Gizdrpa 3-6-2 

$o °c tfc^iloDlaO^T = 4 °c /|b£i^il^?^l|^6£®5|a6% 
.t = 4 °c^j^B%il<3^gZ(Sij&6^^ °c 

:<§rffe 

a = 3(3 (21-2) 



Isothermal compressibility *&Kfg#awKRp* 4-6-2 

±ai Sz $Mfikf5flii& \mM (MKOiMiKfi^l gftLDSaz lisp 



23- 3®GCWsi 



:3 (£Qi 



Mm 

AP ^0 
T 



AP T = AV T 



(22-2) 



lim AP T $ Mm AV T jY$fcdPT$dVT 

APj^O APj^O 



(dV) T = 



dpjj 



dp T 



(23-2) 



->% a»g^a<Xvflp& W^d(S^R^Bl4 a 

:6liDla 



K = — 



1 


f dv l 


1 


f dv l 


V 


ldpJ T " 


V 


ldpJ T 











(24-2) 

1 m'eGD^&g^a^QtlildLKgfl^.K > o 



K = - 



V 



d(RT/P) 
dP 



K = - 



1 AV T 
Vi AP T 



RT _ 1 
P 2 ~ p 



(25-2) 



(26-2) 
.e®& 3 3TKKab0-2O)^ 



24- 



allajl dLUo jliijiil — K j (3 dj©sl 



(SMSttksJtya- k §p C0U 7-2 



/g#-2 QO(3iZ2 (Htell (SB^Ka^Ce KOy>£)g>ft3^05P(g 



^A^3 (HlBLi &Md&mM 
f $ LKlttApti^a?^ cB^acfeDlaa^/|^\.3 $ 1 djfcM ^aCE^KOf ^ 

.2 Ell cbtDlaZ K2gB^lA3 Ell cbAV loDlsKHpjff pda, 
at §ap o^y^AV = av p + av t j£bQw t 3 BLfe dakDlaZ K2§ISaVp 
:W4oi4-2 $9-2 (^pi^^ 



dV = 



dT + 



Id?) T 



dP 



(27-2) 



dV = [3 V dT - k V dP 



dV 
V 



= (3dT -KdP 



:(fiEM.ZM29-2 d^PR^fec = 



(28-2) 



(29-2) 



dV _ dT _ dP 
V ~ T " P 



(30-2) 



dV dT dP n 

+ — = 0 

V T P 



(31-2) 



25- 3®GCWsi 



In V - In T + In P = In A = constant (32-2) 
P V 

— = nR = (exp A) (33-2) 
A = In (nR) 

K$p 

(P, V, T) $(P 0/ V 0/ T 0 ) cSSSptev = (3 V dT - k V dP CfflfP^AJ LWUp 

:j3JBp-v-t GLE?j£<ge 

V TP 

j*dV = V-V 0 = JpVdT - JicVdP (34-2) 

V 0 T 0 P 0 



V = V 0 [1 + p (T - T 0 ) - k (P - P 0 )] (35-2) 

/EB@QtlPo , v 0 , T 0 (|§^f ^<Sb^<a^(J^(^ 



26- 3®GCWsi 



8-2 



*6p- v-t QJ^ m afipriE ^ j£ j k IS 4 *J k ^^aetem-?^ 



Ga^yp^j ^kaaiJERo jeBAa-6-2 GO ®Z abc «3 aUt a^QkmgQs^ 



1-6-2 GfloBUWi|L 



rap^ 

3 v J T 



f— 1 

1 3 vJ T 



= 0 



(36-2) 



:M|.(^fEaG lMY)SE^feag#^ 



p = 



RT a 



v-b v : 



(1-37-2) 



:j3JBU 



27- 3®GCWsi 



f— 1 



a 2 p 



RT 2a 

(v-b) 2 v 3 

2RT 6a 



3v' 



(v-b) 



3 ,.4 



(2-37-2) 



(3-37-2) 



RL 2a 



(v c - b) 2 v c 3 
2RT, 6 a 



+ ^ = 0 



(v c " b) 3 v c 4 



= 0 



(1-38-2) 



(2-38-2) 



:?^QDL)b-36-2 



2a 



K-b) 2 



x 



2 a 6a 



(v c -b) v 3 



-c v c v c 



:j3JBi-38-2 dKjada, 



(39-2) 



vc 



= 3v c - 3b :j3]BU 



v c = 3 b (40-2) 
:b$a E^j>|Ya^R®/fe c /Bl-38-2^aZvc 4ljR/^ 



8a 



2a 4b 2 

T r = -x = 

c 27 b 3 R 27 Rb 



(41-2) 

a 

2 b 9 b 2 " "2Tb 2 " (42 " 2) 



p. = 



8a/27b 



.Mr 



28- 



J 



b = vc/3 j3iE540-2 



42-2 



41-2 



8P C 

eQi«iKSc#ilz p c $t c Oc logR^ffe KafedeSE Ap^ fiouf J$ 

(|b^M^.(^aGBi^ Oft! ?^ E AQJi 'g&ft CeCgcp 
:ME >|a^(M^a(ffli^ Pv/rt d^EHicBl #)OJ^ E % 



Pc V C _ 



a _ , 27 b 3 « ->-7i- 
x 3 b x = - = 0.375 



(43-2) 



R T c 27 b 2 8 a 8 

v c / R T c (xoAffl 



P c v c / R T c 




0.327 


He y^ga 


0.306 


h 2 fcD^laa&i 


0.292 


o 2 kDlqa^i 


0.277 


co 2 j ^gSCoI^ 


0.233 


h 2 o 5p 


0.909 


Hg Bj§ 



3%aR f€p c v c / R t c :4-2 o^la 



29 



ij4<lAKrof^ 9-2 



3§(i $a j^MAjO|^E^S'jy|S^J^fe 



T r = T / T c $v r = v / v c UP r = P / P t 



(Reduced Pressure, specific volume and ^muyq ypMLa vmac^ 

.temperature) 

3 ^ 

P r +— (3v r -l) = 8T r (44-2) 

v r j 

(ESg^Q^Oc.E^S'jyl^ OM (|nlKH(©^b $a jy^?^aSa$ 
j£6 ij ^pggf ka\ ^ 44-2 <&rifcfcBc.(i,i,i) t±P r -v r -T r GJI Z (BEa 

IMu^ScW?^^) (Me A^^tAimnfi^aCE^ t^itD^ Cm® 




30 



dP = 



^1 dT + 

3Tj v 



3P 

av 



dV 



(46-2) 



:j3JB45-2 



IP Ry^fe 



dV 



1- 



f— 1 

av 



dT + 

^ap^ 



^av^ rap 



ap 



avj T j 



vaPy T 

dV = 



vaTy v 
rav N 



dT + 



^av^ rap 



vaPy T 



avJ T 



dV 



aT. 



a\n rap^j 



dT 



(1-47-2) 
(2-47-2) 



j33(lM.z$ dv ^ o ^dT= o jlfeg JSprj k^kvSs^-B^^aEm 



abAJa 



rav^i rap^ 
v apJ T lavJ T 



dV = 0 



(1-48-2) 



1- 



ra\n rap^ 
v apJ T lavJ T _ 



= o 



UpJ t 



rap^ 



(2-48-2) 



:(E#o j £jg life (J^ni^ 



rav^ rap^ rav^ 
+ 



3T 



= 0 



-48-2 



(3-48-2) 



2-48-2 



31 



fav^ 
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